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Introduction {#embr201744767-sec-0001}
============

The signaling network defined by the phosphatidylinositol 3‐kinase (PI3K) and AKT, also known as protein kinase B (PKB), controls a series of hallmarks of cancer, including the cell cycle, survival, metabolism, and genomic instability [1](#embr201744767-bib-0001){ref-type="ref"}. PI3K synthesizes the second messenger PtdIns(3,4,5)P~3~ (PIP~3~), which can recruit AKT to the plasma membrane, where AKT is phosphorylated at Thr308 and Ser473 and activated [2](#embr201744767-bib-0002){ref-type="ref"}. AKT Thr308 is phosphorylated by the 3‐phosphoinositide‐dependent protein kinase PDK1 [3](#embr201744767-bib-0003){ref-type="ref"}, and dephosphorylated by protein phosphatase 2A (PP2A) [4](#embr201744767-bib-0004){ref-type="ref"}, whereas Ser473 is phosphorylated by mammalian target of rapamycin (mTOR) complex 2 (mTORC2) [5](#embr201744767-bib-0005){ref-type="ref"}, and dephosphorylated by PH domain leucine‐rich repeat protein phosphatase (PHLPP) [6](#embr201744767-bib-0006){ref-type="ref"}. The PI3K/AKT signaling pathway is inappropriately activated in many cancers [7](#embr201744767-bib-0007){ref-type="ref"}, [8](#embr201744767-bib-0008){ref-type="ref"}, [9](#embr201744767-bib-0009){ref-type="ref"}, [10](#embr201744767-bib-0010){ref-type="ref"}, [11](#embr201744767-bib-0011){ref-type="ref"}, [12](#embr201744767-bib-0012){ref-type="ref"}. The most widely observed mechanism of PI3K/AKT activation in human cancers is through the activation of receptor tyrosine kinases (RTKs) such as epidermal growth factor receptor (EGFR). Somatic mutations in specific components of the pathway could significantly affect the pathway activation. Various inhibitors have been developed to target this pathway. However, early results from clinical trials in advanced solid tumors showed limited single‐agent activity of inhibitors targeting this pathway [13](#embr201744767-bib-0013){ref-type="ref"}, [14](#embr201744767-bib-0014){ref-type="ref"}, [15](#embr201744767-bib-0015){ref-type="ref"}, [16](#embr201744767-bib-0016){ref-type="ref"}, [17](#embr201744767-bib-0017){ref-type="ref"}, [18](#embr201744767-bib-0018){ref-type="ref"}. Importantly, the mechanisms of AKT pathway activation will affect the likelihood of clinical benefit from PI3K/AKT inhibition. Interestingly, in lung cancers, the regulation of PI3K/AKT signaling affects their susceptibility to EGFR inhibitors. In EGFR inhibitor‐sensitive lung cancers, both AKT signaling and ERK signaling are under the sole control of EGFR. After treatment with EGFR inhibitors, both pathways shut down and the lung cancer cells undergo apoptosis. Reactivation of AKT signaling is almost invariably observed in cancers that naturally develop acquired resistance to EGFR inhibitors. In some resistance models, AKT signaling is reactivated and the extracellular regulated kinase (ERK) phosphorylation remains suppressed [19](#embr201744767-bib-0019){ref-type="ref"}. Findings like this have spurred intensive studied on the regulation of AKT signaling. However, the understanding of the complexity and the scope of AKT regulation remains incomplete. Advancements in high‐throughput sequencing‐based genomewide association study now enable systems‐wide investigation of this regulation [20](#embr201744767-bib-0020){ref-type="ref"}.

In this study, we employed an unbiased genomewide association study (GWAS) approach using genomewide SNPs, transcriptomics, and cytotoxicity of an AKT inhibitor, triciribine (TCN) in 263 human lymphoblastoid cell lines (LCLs) to help identify new candidate genes and new mechanisms that might be involved in AKT regulation [20](#embr201744767-bib-0020){ref-type="ref"}. Triciribine, even though has other function beyond AKT inhibition, has been tested in phase I and II clinical trials where objective response was observed, although infrequently [21](#embr201744767-bib-0021){ref-type="ref"}, [22](#embr201744767-bib-0022){ref-type="ref"}. We demonstrate that a group of genes correlated with TCN response, suggesting their roles in regulation of AKT pathway. Subsequent functional validation studies revealed that ERBB receptor feedback inhibitor 1 (ERRFI1) significantly altered AKT activity in cancer cell lines.

ERRFI1 (the product of mitogen‐inducible gene 6, also known as MIG6) is known to inhibit EGFR activation as well as downstream signaling by docking onto EGFR kinase domain via its ERBB binding region [23](#embr201744767-bib-0023){ref-type="ref"}. Specifically, ERRFI1 binds to the EGFR kinase domain, thus precluding formation of asymmetric kinase dimers and locking the EGFR kinase in a catalytically unproductive configuration [23](#embr201744767-bib-0023){ref-type="ref"}. ERRFI1 can downregulate EGFR downstream MAP kinase ERK [24](#embr201744767-bib-0024){ref-type="ref"}. We showed that ERRFI1 differentially regulate AKT and EGFR in a cellular context‐dependent manner, in this case, dependent on cellular EGFR levels. In cells expressing high EGFR level, as expected, ERRFI1 functions as a negative regulator of EGFR. However, in cells with low EGFR, we identified a novel mechanism of ERRFI1‐mediated AKT regulation that ERRFI1 positively modulates AKT signaling by blocking PHLPP accessing and dephosphorylating AKT, suggesting ERRFI1 as a potential target in EGFR‐low cancer. These results provide novel insight into AKT regulation, especially in relationship to EGFR level, and may help us to better stratify cancer patients and personalize therapy by selecting targeted drugs based on differing cellular contexts.

Results {#embr201744767-sec-0002}
=======

AKT inhibitor GWAS {#embr201744767-sec-0003}
------------------

We took an unbiased approach to perform GWAS of cytotoxicity of AKT inhibitor to use drug as a probe to help identify potential new regulators involved in AKT regulation. Triciribine cytotoxicity studies were performed to determine the range of variation in TCN IC50 values among individual LCLs for which we have SNPs, expression data and for which we have used for various biomarker discovery [20](#embr201744767-bib-0020){ref-type="ref"}. Figure [1](#embr201744767-fig-0001){ref-type="fig"}A shows representative TCN cytotoxicity data. No significant differences were observed in IC50 values among the three racial groups studied (*P* = 0.183; Fig [1](#embr201744767-fig-0001){ref-type="fig"}B). Gender also did not have a significant effect on IC50 values (*P* = 0.707; Fig [1](#embr201744767-fig-0001){ref-type="fig"}C).

![TCN cytotoxicity\
Representative TCN cytotoxicity dose--response curves. Two cell lines from each of the three ethnic groups were selected to illustrate a range of TCN cytotoxicity "dose--response" curves. AA (African Americans), CA (Caucasian Americans), HCA (Han Chinese Americans). The *x*‐axis indicates TCN dose, and the *y*‐axis indicates the surviving fraction after TCN exposure. Data represent mean ± SEM of three replicates.TCN IC50 among three ethnic groups. Horizontal line: median; box limits: first and third quantiles; whiskers: if no points exist reaching beyond 1.5\*IQR (inter‐quartile range) of the 1^st^ and 3^rd^ quantiles, then it\'s the smallest or largest data value, otherwise it is 1^st^ quantile -- 1.5\*IQR or 3^rd^ quantile + 1.5\*IQR; dots: values outside of 1.5\*IQR of the 1^st^ and 3^rd^ quantile. Statistical analyses were performed with the *F*‐test from a linear regression model of gender (1 numerator df) or race (2 numerator df) vs. van der Waerdan transformed IC50.Gender effect on TCN IC50 values. Horizontal line: median; box limits: first and third quantiles; whiskers: if no points exist reaching beyond 1.5\*IQR (inter‐quartile range) of the 1^st^ and 3^rd^ quantiles, then it\'s the smallest or largest data value, otherwise it is 1^st^ quantile -- 1.5\*IQR or 3^rd^ quantile + 1.5\*IQR; dots: values outside of 1.5\*IQR of the 1^st^ and 3^rd^ quantile. Statistical analyses were performed with the *F*‐test from a linear regression model of gender (1 numerator df) or race (2 numerator df) vs. van der Waerdan transformed IC50.Association of basal expression with TCN IC50 for 263 LCLs. The *y*‐axis represents the −log10 (*P*‐value) for the association of individual expression array probe set. Expression probe sets are plotted on the *x*‐axis based on the chromosomal locations. If genes had more than one probe set, the one with the lowest *P*‐value was plotted.Genomewide SNP association with TCN IC50 for 263 LCLs. The *y*‐axis represents −log10 (*P*‐value) for the association of each SNP with TCN IC50. SNPs are plotted on the *x*‐axis based on their chromosomal locations.Schematic diagram of the strategy of integrated analysis used to select genes for functional validation.](EMBR-19-e44767-g002){#embr201744767-fig-0001}

The effect of genetic variation on TCN‐induced cytotoxicity might result, in part, from the regulation of gene expression. Previous studies performed with LCLs have shown that gene expression can be regulated by SNPs through either cis‐ or trans‐regulation [25](#embr201744767-bib-0025){ref-type="ref"}, [26](#embr201744767-bib-0026){ref-type="ref"}. Therefore, we also performed an "integrated analysis" that included data for SNPs, basal expression, and TCN IC50 (Fig [1](#embr201744767-fig-0001){ref-type="fig"}D and E). Specifically, we identified 1,800 SNPs that were associated with IC50 with *P* \< 10^−3^. These 1,800 SNPs were associated with 28,115 expression probe sets ([Dataset EV1](#embr201744767-sup-0004){ref-type="supplementary-material"}) with *P* \< 10^−4^, and of these 28,115 probe sets, only six genes associated with IC50 with *P* \< 10^−3^ expressed in LCLs We selected a less‐stringent *P*‐value cutoff to capture as much information as possible, realizing that many of the associations would be false positives. This overall selection strategy is depicted graphically in Fig [1](#embr201744767-fig-0001){ref-type="fig"}F. This integrated analysis identified six unique SNPs associated with six expression probe sets representing six unique annotated genes, and those gene expression levels were also associated with TCN IC50 with *P* \< 10^−3^ ([Table EV1](#embr201744767-sup-0002){ref-type="supplementary-material"}). Those six genes, *RIT1, ZNF544, VEZT, JMJD3, AHCYL1*, and *FAM32A*, were included in our functional validation studies.

We also applied gene‐level analysis to 16,778 unique genes, which assessed the overall evidence of association of a phenotype with variation in these individual genes [27](#embr201744767-bib-0027){ref-type="ref"}, [28](#embr201744767-bib-0028){ref-type="ref"}. These genes were nonpseudogenes and also contained genotyped or imputed SNPs that mapped to the defined gene regions based on build 36 and the NCBI\'s seq gene at the time when the project was initiated. Our gene‐level association with IC50 identified 26 genes with *P* \< 0.001 ([Table EV2](#embr201744767-sup-0003){ref-type="supplementary-material"}). Among these 26 genes, 14 were not detectable at mRNA levels in LCLs. The other 12 genes were included in our functional validation studies including *DCLRE1A, TAGLN2, GOLGA8B, LRRC47, SEMA4A, NFIL3, PIGS, MOV10, CAB39, GLOD4, SLC7A5,* and *ERRFI1*.

Functional validation of candidate genes in tumor cell lines {#embr201744767-sec-0004}
------------------------------------------------------------

Our initial association experiments were performed with human LCLs. Since non‐genetic factors might confound the results of those association studies, gene expression has tissue specificity [29](#embr201744767-bib-0029){ref-type="ref"}. Therefore, to be more biologically relevant, we next used a pancreatic cell line, SU86, and a breast cancer cell line, MDA‐MB‐231 to functionally validate the genes identified during the association studies performed in LCLs. Specifically, we selected 18 candidate genes for siRNA screening followed by TCN cytotoxicity assays (Figs [EV1](#embr201744767-fig-0001ev){ref-type="fig"} and [EV2](#embr201744767-fig-0002ev){ref-type="fig"}). This group included six genes based on SNP‐IC50 association ([Table EV1](#embr201744767-sup-0002){ref-type="supplementary-material"}) and 12 genes ([Table EV2](#embr201744767-sup-0003){ref-type="supplementary-material"}) that were selected based on gene‐level SNP analysis.

![Functional validation of candidate genes in human tumor cell lines\
SU86 cells were transfected with specific siRNA and then treated with 0, 0.01, 0.1, 1, 10, 25, 50, 100, and 500 μM TCN for 72 h. Cell survival was determined. The *x*‐axis indicates drug dose, and the *y*‐axis indicates the survival fraction after TCN exposure. Each point shows the mean values for three independent experiments; error bars represent ± SEM.](EMBR-19-e44767-g003){#embr201744767-fig-0001ev}

![Functional validation of candidate genes in human tumor cell lines\
MDA‐MB‐231 cells were transfected with specific siRNA and then treated with 0, 0.01, 0.1, 1, 10, 25, 50, 100, and 500 μM TCN for 72 h. Cell survival was determined. Each point shows the mean values for three independent experiments; error bars represent ± SEM.](EMBR-19-e44767-g005){#embr201744767-fig-0002ev}

Knocking down four of those genes had a significant effect on TCN sensitivity in both cell lines (Table [1](#embr201744767-tbl-0001){ref-type="table-wrap"}). We also used LCL to validate these four genes and found that knocking down of *VEZT, GOLGA8B*, and *SLC7A5* resulted in decreased TCN sensitivity (Fig [EV3](#embr201744767-fig-0003ev){ref-type="fig"}), consistent with the results from SU86 and MDA‐MB‐231. However, knocking down of *ERRFI1* significantly increased TCN sensitivity in LCL (Fig [EV3](#embr201744767-fig-0003ev){ref-type="fig"}), opposite from the results obtained in two cancer cells, a phenomenon that will be explained later. We then tested the effect of those four genes, *VEZT, GOLGA8B, SLC7A5*, and *ERRFI1*, on AKT activation. Knockdown of ERRFI1 resulted in reduced phosphorylation of AKT Ser473 and, to a lesser degree, decreased phosphorylation at Thr308 site. This effect also led to reduced phosphorylation of the AKT downstream substrate, GSK3β and FOXO1 (Fig [2](#embr201744767-fig-0002){ref-type="fig"}A). As a feedback inhibitor of EGFR, ERRFI1 binds directly to EGFR and inhibits its signaling, including downstream AKT [23](#embr201744767-bib-0023){ref-type="ref"}. Therefore, our results in both MDA‐MB‐231 and SU86 cells showed an opposite effect on AKT activity from what was expected. We hypothesized that in this case, additional mechanisms might be involved in AKT regulation by ERRFI1.

###### 

MTS assay of candidate genes selected for siRNA screening

  Candidate genes selected for siRNA screening with MTS assay results                               
  --------------------------------------------------------------------- --------- ----- ----- ----- -----
  1                                                                     RIT1      --    Yes   --    --
  2                                                                     ZNF544    --    Yes   --    --
  3                                                                     VEZT      --    Yes   Yes   Yes
  4                                                                     JMJD3     --    Yes   --    --
  5                                                                     AHCYL1    --    Yes   --    --
  6                                                                     FAM32A    --    Yes   --    --
  7                                                                     DCLRE1A   Yes   --    Yes   --
  8                                                                     TAGLN2    Yes   --    --    --
  9                                                                     GOLGA8B   Yes   --    Yes   Yes
  10                                                                    LRRC47    Yes   --    --    --
  11                                                                    SEMA4A    Yes   --    --    --
  12                                                                    NFIL3     Yes   --    Yes   --
  13                                                                    PIGS      Yes   --    --    --
  14                                                                    MOV10     Yes   --    --    --
  15                                                                    CAB39     Yes   --    --    --
  16                                                                    GLOD4     Yes   --    --    --
  17                                                                    SLC7A5    Yes   --    Yes   Yes
  18                                                                    ERRFI1    Yes   --    Yes   Yes

Eighteen genes selected for siRNA screening are listed.

"Yes\'\' indicates individual candidate genes with the *P*‐value listed.

"Yes\'\' indicates that knockdown of the gene altered TCN cytotoxicity (IC50 values) when compared with control siRNA. "--\'\' indicates that knockdown of the gene did not alter TCN cytotoxicity (IC50 values) when compared with control siRNA.

John Wiley & Sons, Ltd

![Functional validation of candidate genes in LCL\
LCL were transfected with specific siRNA and then treated with 0, 0.01, 0.1, 1, 10, 25, 50, 100, and 500 μM TCN for 72 h. Cell survival was determined using CYQUANT assay. Knockdown efficiency was determined using qRT--PCR. Each point shows the mean values for three independent experiments; error bars represent ± SEM.](EMBR-19-e44767-g007){#embr201744767-fig-0003ev}

![ERRFI1 differentially regulates AKT phosphorylation in EGFR‐high and EGFR‐low cells\
MDA‐MB‐231 and SU86 cells were transfected with negative siRNA (siNeg) or indicated siRNA. Cell lysates were then blotted with the indicated antibodies. The mRNAs were extracted from the rest of the cells and subjected to qRT--PCR to determine knockdown efficiency. Error bars represent the SEM of three independent experiments. \*\**P* \< 0.01. Statistical analyses were performed with Student\'s *t*‐test.Cell lysates from 13 human cancer cell lines were blotted with anti‐EGFR antibody. Quantification of EGFR protein relative to the GAPDH was determined. Error bars represent the SEM of three independent experiments.MDA‐MB‐468, PANC1, MDA‐MB‐231, SU86, U251, and HCT116 cells were transfected with two ERRFI1 siRNAs; 48 h later, cell lysates were subjected to Western blot. The ratio of phospho‐AKT473 /total AKT signal (pAKT473/AKT) was quantified using ImageJ. pAKT473/AKT in siNeg is set to 1 within each cell line. Error bars represent ± SEM of three independent experiments. The significant difference between siNeg and siERRFI1 is indicated by: \*\**P* \< 0.01. Statistical analyses were performed with Student\'s *t*‐test.\
Source data are available online for this figure.](EMBR-19-e44767-g004){#embr201744767-fig-0002}

ERRFI1 regulates AKT activation through interacting with the AKT and PHLPP complex {#embr201744767-sec-0005}
----------------------------------------------------------------------------------

Since ERRFI1 is a known negative regulator of EGFR, to further study the relationship between EGFR and the AKT pathway, we screened 13 human cancer cell lines available in the laboratory to determine EGFR levels ([Dataset EV2](#embr201744767-sup-0005){ref-type="supplementary-material"}). As shown in Fig [2](#embr201744767-fig-0002){ref-type="fig"}B, MDA‐MB‐231 and SU86 cells express moderate EGFR protein level. We then chose cells representing two extreme ends of EGFR levels including the PANC1 and MDA‐MB‐468, two cells expressing high EGFR, and the U251 and HCT116, two cells with very low EGFR level based on the Western blot in addition to the MDA‐MB‐231 and SU86, to determine the effects of ERRFI1 on EGFR and AKT signaling. As shown in Fig [2](#embr201744767-fig-0002){ref-type="fig"}C, in the two cells expressing high EGFR level, downregulation of ERRFI1 using two different ERRFI1‐specific short interfering RNAs (siRNAs) significantly increased EGFR phosphorylation, and downstream pERK and pAKT (Ser473), consistent with the known function of ERRFI1 reported by previous studies [30](#embr201744767-bib-0030){ref-type="ref"}. On the contrary, in EGFR‐low cell lines, similar to that observed in the MDA‐MB231 and SU86 cells that have intermedium EGFR levels, downregulation of ERRFI1 reduced AKT phosphorylation at Ser473 (Fig [2](#embr201744767-fig-0002){ref-type="fig"}C), Since downregulation of ERRFI1 had similar effect on AKT activity in both EGFR‐medium and EGFR‐low cells, we mainly focused on the cells with high EGFR, PANC1, and MDA‐MB‐468, and U251 and HCT116, two cells with very low EGFR for all of the following studies.

To test whether ERRFI1 could directly regulate AKT phosphorylation at Ser473 and/or Thr308, we determined its interactions with kinases and phosphatases that regulate the Ser473 and Thr308 sites [5](#embr201744767-bib-0005){ref-type="ref"}. The AKT Ser473 is phosphorylated by mTORC2 and dephosphorylated by PHLPP [6](#embr201744767-bib-0006){ref-type="ref"}, [31](#embr201744767-bib-0031){ref-type="ref"}, [32](#embr201744767-bib-0032){ref-type="ref"}, and the Thr308 is phosphorylated by PDK1 and dephosphorylated by PP2A. However, we could not detect any interactions between ERRFI1 and mTOR, PDK1, or PP2A using co‐immunoprecipitation (IP), even though we observed change in Thr308 phosphorylation (Fig [EV4](#embr201744767-fig-0004ev){ref-type="fig"}A). Furthermore, depletion of ERRFI1 did not change the AKT‐PDK1 interaction or AKT‐PP2A interaction (Fig [EV4](#embr201744767-fig-0004ev){ref-type="fig"}B). Instead, we found that PHLPP and AKT were co‐immunoprecipitated with ERRFI1 (Fig [3](#embr201744767-fig-0003){ref-type="fig"}A). Moreover, we observed more ERRFI‐EGFR interaction and less ERRFI1‐AKT interaction in EGFR‐high cells (Fig [3](#embr201744767-fig-0003){ref-type="fig"}A), while ERRFI1 mainly bound to AKT in EGFR‐low cells (Fig [3](#embr201744767-fig-0003){ref-type="fig"}A). Furthermore, in EGFR‐high cells, epidermal growth factor (EGF) treatment resulted in a significant increase in the ERRFI1‐EGFR interaction, and decrease in ERRFI1‐AKT interaction (Fig [EV5](#embr201744767-fig-0005ev){ref-type="fig"}A), while in EGFR‐low cells, ERRFI1 constantly bound to AKT regardless of EGF treatment (Fig [EV5](#embr201744767-fig-0005ev){ref-type="fig"}A). Furthermore, using purified His‐ERRFI1 and GST‐AKT, we showed a direct interaction between the two (Fig [3](#embr201744767-fig-0003){ref-type="fig"}B). These results suggest that ERRFI1, AKT, and PHLPP might coexist in a complex in cells, indicating a novel mechanism of ERRFI1 in regulating AKT in EGFR‐low cancer cells.

![ERRFI1 does not directly regulate the phosphorylation of AKT at Thr308\
MDA‐MB‐468 and U251 cell lysates were subjected to immunoprecipitation with control IgG or anti‐ERRFI1 antibody. The immunoprecipitates were blotted with the indicated antibodies.MDA‐MB‐468, PANC1, U251, and HCT116 cells were transfected with siERRFI1. Cell lysates were subjected to immunoprecipitation with control IgG or anti‐AKT antibody. The immunoprecipitates were blotted with the indicated antibodies.\
Source data are available online for this figure.](EMBR-19-e44767-g009){#embr201744767-fig-0004ev}

![ERRFI1 regulates AKT‐PHLPP interaction\
MDA‐MB‐468, PANC1, U251, and HCT116 cell lysates were subjected to immunoprecipitation with control IgG or anti‐ERRFI1 antibody. The immunoprecipitates were then blotted with the indicated antibodies. Quantifications of the Western blots were analyzed by ImageJ. To quantify each interaction, the amount of AKT or EGFR was first normalized back to the input level for each protein and then corrected by the amount of IPed protein, ERRFI1. Error bars represent ± SEM of three independent experiments. The significant difference between ERRFI1‐EGFR binding and ERRFI1‐AKT binding is indicated by: \*\**P* \< 0.01. Statistical analyses were performed with Student\'s *t*‐test.Purified recombinant GST, GST‐AKT, and His‐ERRFI1 were incubated in cell‐free conditions. The interaction between AKT and ERRFI1 was then examined.MDA‐MB‐468, PANC1, U251, and HCT116 cell lysates were subjected to immunoprecipitation with control IgG or anti‐PHLPP antibody. The immunoprecipitates were blotted with the indicated antibodies. The interaction was then quantified in each cell line. The amount of AKT corrected by IPed PHLPP was calculated in each of the four cancer cells transfected with siNeg or siERRFI1s. The results were then corrected by the siNeg. The interaction in siNeg is set to 1 within each cell line. Error bars represent ± SEM of three independent experiments. The significant difference between siNeg and siERRFI1 is indicated by: \*\**P* \< 0.01. Statistical analyses were performed with Student\'s *t*‐test.\
Source data are available online for this figure.](EMBR-19-e44767-g006){#embr201744767-fig-0003}

![ERRFI1 regulates AKT‐PHLPP interaction\
MDA‐MB‐468, PANC1, U251, and HCT116 cells were serum‐starved for 36 h and then treated with EGF (100 ng/ml) for 30 min prior to cell lysis. Cells lysates were subjected to immunoprecipitation with control IgG or anti‐ERRFI1 antibody. The immunoprecipitates were blotted with the indicated antibodies. The ERRFI1‐AKT and ERRFI1‐EGFR interaction was quantified using ImageJ. The immunoprecipitated ERRFI1 levels were normalized for each interaction and then corrected for MDA‐MB‐468 no EGF treatment. The interaction in no EGF‐treated (‐EGF) MDA‐MB‐468 is set to 1. Error bars represent ± SEM of three independent experiments. The significant difference between vehicle and EGF treatment is indicated by: \*\**P* \< 0.01. Statistical analyses were performed with Student\'s *t*‐test.U251 and HCT116 cells were transfected with ERRFI1 construct. After 48 h, cells were lysed and subjected to immunoprecipitation with control IgG or anti‐PHLPP antibody. The immunoprecipitates were then blotted with the indicated antibodies.U251 and HCT116 cells from (B) were treated with increasing dose of gemcitabine (Gem) alone or in combination with 10 μM MK‐2206 2HCl (MK) for 72 h. Cell survival was then determined. Each point shows the mean values for three independent experiments; error bars represent ± SEM.\
Source data are available online for this figure.](EMBR-19-e44767-g011){#embr201744767-fig-0005ev}

Our finding that ERRFI1 interacted with PHLPP and AKT especially in EGFR‐low cancer cells led us to hypothesize that ERRFI1 could regulate the interaction between AKT and PHLPP, thereby regulating AKT phosphorylation [33](#embr201744767-bib-0033){ref-type="ref"}. As shown in Fig [3](#embr201744767-fig-0003){ref-type="fig"}C, ERRFI1 depletion increased PHLPP‐AKT interactions in EGFR‐low cell lines. The change in interaction translated to the reduction in AKT phosphorylation (Fig [2](#embr201744767-fig-0002){ref-type="fig"}C). This also explained the results observed in LCLs that knockdown of siERRFI1 led to sensitization to TCN, because LCLs express low level of EGFR based on gene expression array data (Fig [EV3](#embr201744767-fig-0003ev){ref-type="fig"} and [Dataset EV3](#embr201744767-sup-0006){ref-type="supplementary-material"}). However, ERRFI1 depletion decreased PHLPP‐AKT interactions in EGFR‐high cell lines (Fig [3](#embr201744767-fig-0003){ref-type="fig"}C). This might be due to the fact that ERRFI1 depletion increases EGFR activity, and downstream PI3K‐AKT activity [34](#embr201744767-bib-0034){ref-type="ref"}, [35](#embr201744767-bib-0035){ref-type="ref"} and activated AKT creates a cage in the ATP‐bound form to prevent its access to phosphatases [36](#embr201744767-bib-0036){ref-type="ref"}.

Identification of specific binding domains in ERRFI1 that interact with AKT {#embr201744767-sec-0006}
---------------------------------------------------------------------------

AKT has three isoforms (AKT1, AKT2, and AKT3) [37](#embr201744767-bib-0037){ref-type="ref"}. The antibodies that we used in the previous experiments recognized all three isoforms. In addition, PHLPP has two isoforms (PHLPP1 and PHLPP2) [6](#embr201744767-bib-0006){ref-type="ref"}, [31](#embr201744767-bib-0031){ref-type="ref"}. Previous studies have established that PHLPP1 and PHLPP2 inhibit AKT signaling differently by interacting with distinct AKT isoforms. PHLPP1 specially regulates AKT2 and AKT3, and PHLPP2 regulates AKT1 and AKT3 [31](#embr201744767-bib-0031){ref-type="ref"}. We found that ERRFI1 mainly co‐IPed with AKT2 and AKT3 within the same complex with PHLPP1 (Fig [4](#embr201744767-fig-0004){ref-type="fig"}A). After taking into account of different endogenous levels of the three AKT isoforms in these cell lines (Fig [4](#embr201744767-fig-0004){ref-type="fig"}B), quantitative analysis suggested that ERRFI1 mainly bound to AKT2 and AKT3 (Fig [4](#embr201744767-fig-0004){ref-type="fig"}C). Reciprocal immunoprecipitation with ERRFI1 antibody also brought down more AKT2 and AKT3 compared with AKT1 (Fig [4](#embr201744767-fig-0004){ref-type="fig"}D). We next confirmed the ERRFI1 effect on these isoform‐specific interactions. Downregulation of ERRFI1 decreased interactions between PHLPP1 and AKT2 or AKT3, especially interactions between PHLPP1 and AKT3 in EGFR‐high cells (Fig [5](#embr201744767-fig-0005){ref-type="fig"}A and B). However, downregulation of ERRFI1 increased interactions between PHLPP1 and AKT2 or AKT3, especially interactions between PHLPP1 and AKT3 in EGFR‐low cells (Fig [5](#embr201744767-fig-0005){ref-type="fig"}C and D).

![Binding of ERRFI1 to AKT2 and AKT3\
MDA‐MB‐468, PANC1, U251, and HCT116 cells lysates were subjected to immunoprecipitation with control IgG, anti‐AKT1, anti‐AKT2, or anti‐AKT3 antibody. The immunoprecipitates were blotted with the indicated antibodies. The supernatant of the precipitation were blotted with AKT1, AKT2, and AKT3 antibodies to ensure that the majority of the AKT isoform was precipitated with specific antibody.Quantification analysis of all three AKT isoforms. In the input sample, each AKT isoform was normalized to GAPDH, and then the normalized levels of AKT2 and AKT3 relative to AKT1 were determined within each cell line. Error bars represent ± SEM of three independent experiments.Quantifications of the interaction between ERRFI1 and three AKT isoforms using ImageJ. Antibodies against three AKT isoforms was used to pull down ERRFI1. The ERRFI1‐AKT isoform interactions were determined in a similar fashion as Fig [3](#embr201744767-fig-0003){ref-type="fig"}C. Error bars represent ± SEM of three independent experiments. The significant difference between AKT2/or AKT3‐ERRFI1 and AKT1‐ERRFI1 interaction is indicated by: \*\**P* \< 0.01. Statistical analyses were performed with Student\'s *t*‐test.Cells lysates from (A) were subjected to immunoprecipitation with control IgG or anti‐ERRFI1 antibody. The immunoprecipitates were blotted with the indicated antibodies. The interactions were quantified in a similar fashion as in (C). Error bars represent ± SEM of three independent experiments. The significant difference between AKT2/or AKT3‐ERRFI1 and AKT1‐ERRFI1 interaction is indicated by: \*\**P* \< 0.01. Statistical analyses were performed with Student\'s *t*‐test.\
Source data are available online for this figure.](EMBR-19-e44767-g008){#embr201744767-fig-0004}

![ERRFI1 regulating AKT2/3‐PHLPP interaction depends on EGFR level\
A--DMDA‐MB‐468 (A), PANC1 (B), U251 (C), and HCT116 (D) were transfected with siNeg or siERRFI1. Cell lysates were subjected to immunoprecipitation with control IgG or anti‐PHLPP1 antibody. The immunoprecipitates were blotted with the indicated antibodies. AKT‐PHLPP interaction was quantified as described before. Error bars represent ± SEM of three independent experiments. The significant difference between siNeg and siERRFI1 is indicated by: \**P* \< 0.05, \*\**P* \< 0.01. Statistical analyses were performed with Student\'s *t*‐test.EU251 cells were transfected with GST‐tagged full‐length ERRFI1 (FL) or ERRFI1 truncation constructs; 48 h later, half of the cells were harvested and lysates were subjected to immunoprecipitation with control IgG or anti‐GST antibody. The immunoprecipitates were then blotted with the indicated antibodies.FThe rest of the U251 cells from (E) were treated with increasing doses of TCN or gemcitabine for 3 days. Survival fraction was determined by CYQUANT assay. The *x*‐axis indicates drug dose, and the *y*‐axis indicates the survival fraction after drug exposure. Overexpression efficiency is shown in (E, input). Error bars represent ± SEM of three independent experiments.\
Source data are available online for this figure.](EMBR-19-e44767-g010){#embr201744767-fig-0005}

To investigate how ERRFI1 regulates the AKT‐PHLPP interaction, we used a series of ERRFI1 deletion constructs and found that deletion of the CRIB domain abolished the interactions between ERRFI1 and AKT as well as PHLPP in EGFR‐low cells (Fig [5](#embr201744767-fig-0005){ref-type="fig"}E), suggesting that the CRIB domain was required for this interaction. The interaction through the CRIB domain was sufficient for the regulation of AKT phosphorylation (Fig [5](#embr201744767-fig-0005){ref-type="fig"}E, input). Indeed, in EGFR‐low cell, overexpression of the CRIB domain deletion construct (ΔCRIB), compared with the full‐length (FL) construct, failed to increase AKT phosphorylation (Fig [5](#embr201744767-fig-0005){ref-type="fig"}E, input). Therefore, cells were more sensitive to TCN and gemcitabine responses compared with cells overexpressing full‐length protein (Fig [5](#embr201744767-fig-0005){ref-type="fig"}F, *P* \< 0.05).

EGFR level affects ERRFI1 binding to AKT {#embr201744767-sec-0007}
----------------------------------------

It has been shown previously that ERRFI1 interacts with and inhibits EGFR, which in turn, inhibits EGFR downstream signaling, including AKT activation [23](#embr201744767-bib-0023){ref-type="ref"}. We showed that ERRFI1 also directly bound to AKT, resulting in activation of AKT (Figs [2](#embr201744767-fig-0002){ref-type="fig"} and [3](#embr201744767-fig-0003){ref-type="fig"}). We next asked how these two opposite effects on AKT activation might be regulated. We hypothesized that EGFR levels determines the binding of ERRFI1 to AKT. If this is correct, we would expect that downregulation of EGFR in EGFR‐high cells to mimic EGFR‐low system would increase the interaction between ERRFI1 and AKT. Our results in EGFR‐high cells confirmed this hypothesis. Knockdown of EGFR resulted in an increased association of ERRFI1 with AKT (Fig [6](#embr201744767-fig-0006){ref-type="fig"}). Furthermore, overexpressing EGFR in two EGFR‐low cell lines to mimic EGFR‐high system resulted in a decrease in ERRFI1‐AKT interaction (Fig [6](#embr201744767-fig-0006){ref-type="fig"}).

![EGFR level affects AKT‐ERRFI1 interaction\
MDA‐MB‐468 and PANC1 cells were transfected with siEGFR, and U251 and HCT116 cells were transfected with empty vector (EV) or EGFR construct; 48 h later, cell lysates were subjected to immunoprecipitation with control IgG, or anti‐AKT antibody. The immunoprecipitates were blotted with the indicated antibodies. Quantification of the binding was calculated. The interaction in cells transfected with siNeg or EV was set to 1 within each cell line. Error bars represent ± SEM of three independent experiments. The significant difference between siNeg and siEGFR, or EV and OE EGFR is indicated by: \*\**P* \< 0.01. Statistical analyses were performed with Student\'s *t*‐test.\
Source data are available online for this figure.](EMBR-19-e44767-g012){#embr201744767-fig-0006}

The effect of ERRFI1 on AKT and cell proliferation is dependent on basal EGFR level {#embr201744767-sec-0008}
-----------------------------------------------------------------------------------

Having observed that levels of EGFR could affect ERRFI1\'s ability to regulate AKT activity, we next examined how this regulation might influence cell proliferation. We hypothesized that in cells with high EGFR expression, downregulation of ERRFI1 would enhance EGFR signaling and thus increase AKT activity while, on the other hand, in EGFR‐low cells, ERRFI1 would interact with AKT and decrease AKT activity. The strength of these two opposing signals would determine the ultimate cellular phenotypes. Knockdown of ERRFI1 in EGFR‐high cell lines resulted in significant activation of EGFR signaling, while decreased AKT signaling in EGFR‐low cell lines (Figs [2](#embr201744767-fig-0002){ref-type="fig"} and [3](#embr201744767-fig-0003){ref-type="fig"}). One outcome of increased EGFR signaling is increased cell proliferation and colony formation, which was true in MDA‐MB‐468 and PANC1 cells (Fig [7](#embr201744767-fig-0007){ref-type="fig"}A, left panel). This effect was due to the inhibitory effect of ERRFI1 on EGFR, which was confirmed by increased EGFR downstream MEK‐ERK signaling (Fig [7](#embr201744767-fig-0007){ref-type="fig"}A, right panel). On the contrary, knockdown of ERRFI1 in EGFR‐low U251 and HCT116 cells resulted in decreased cell proliferation and colony formation (Fig [7](#embr201744767-fig-0007){ref-type="fig"}B, left panel), and this was due to the fact that ERRFI1 positively regulated AKT signaling by directly blocking PHLPP access to AKT in cell lines with low levels of EGFR (Fig [3](#embr201744767-fig-0003){ref-type="fig"}C), resulting in inactivation of AKT (Fig [7](#embr201744767-fig-0007){ref-type="fig"}B, right panel). To further confirm that ERRFI1 regulates AKT Ser473 through the regulation of the access of PHLPP to AKT, especially in cell lines lacking EGFR, we knocked down ERRFI1 while at the same time downregulating PHLPP in the two EGFR‐low cell lines. Similar to what we demonstrated earlier, knockdown of ERRFI1 alone decreased pAKT Ser473 (Fig [7](#embr201744767-fig-0007){ref-type="fig"}C and D, left panel) and inhibited cell proliferation and colony formation (Fig [7](#embr201744767-fig-0007){ref-type="fig"}C and D, middle and right panel, *P* \< 0.01). However, further depleting PHLPP significantly increased pAKT Ser473 (Fig [7](#embr201744767-fig-0007){ref-type="fig"}C and D, left panel), cell proliferation, and colony formation (Fig [7](#embr201744767-fig-0007){ref-type="fig"}C and D, middle and right panel, *P* \< 0.01). These results provide additional evidence supporting the conclusion that ERRFI1 regulates AKT Ser473 through AKT‐PHLPP, and further emphasize that the balance between EGFR and AKT signaling regulated by ERRFI1 is dependent on cellular EGFR level.

![The effect of ERRFI1 on AKT activation and cell proliferation depends on the basal EGFR level\
A, BKnockdown of ERRFI1 increased proliferation and colony formation in MDA‐MB‐468 and PANC1, two EGFR‐high cells (A). Knockdown of ERRFI1 decreased proliferation and colony formation in U251 and HCT116 EGFR‐low cells (B). Cell proliferation was monitored every 12 h. The *x*‐axis indicates time post‐treatment, and the *y*‐axis indicates cell proliferation rate. The representative colony formation pictures from triplicate experiments are shown. Error bars represent ± SEM of three independent experiments; \**P* \< 0.05, \*\**P* \< 0.01 compared to siNeg. Statistical analyses were performed with Student\'s *t*‐test. Remaining cells were blotted with the indicated antibodies.C, DU251 and HCT116 cells were transfected with indicated siRNA. Cell lysates were blotted with the indicated antibodies. Cell proliferation and colony formation were assessed. Quantification of colony formation is shown. Error bars represent ± SEM of three independent experiments. \*\**P* \< 0.01. Statistical analyses were performed with Student\'s *t*‐test.\
Source data are available online for this figure.](EMBR-19-e44767-g013){#embr201744767-fig-0007}

The effect of ERRFI1 on response to therapy is dependent on basal EGFR level {#embr201744767-sec-0009}
----------------------------------------------------------------------------

To examine how the dual role of ERRFI1 on AKT and EGFR signaling might affect response to chemotherapy, we used gemcitabine as an example to treat cell lines with different EGFR levels. Gemcitabine is first‐line treatment for pancreatic cancer and is also used to treat breast cancer. Downregulation of ERRFI1 resulted in increased resistance to gemcitabine in EGFR‐high cells (Fig [8](#embr201744767-fig-0008){ref-type="fig"}A, left panel, *P* \< 0.01). As expected, this was due to the upregulation of EGFR signaling in ERRFI1 knockdown cells relative to siNeg control (Fig [7](#embr201744767-fig-0007){ref-type="fig"}A, right panel). On the contrary, downregulation of ERRFI1 resulted in sensitization to gemcitabine in EGFR‐low cells (Fig [8](#embr201744767-fig-0008){ref-type="fig"}A, right panel, *P* \< 0.01). This can be explained by the downregulation of AKT signaling in ERRFI1 knockdown cells relative to siNeg control (Fig [7](#embr201744767-fig-0007){ref-type="fig"}B, right panel). Based on the evidence that ERRFI1 mainly inhibits EGFR in EGFR‐high cells (Figs [2](#embr201744767-fig-0002){ref-type="fig"}C and [7](#embr201744767-fig-0007){ref-type="fig"}A), but activates AKT directly in EGFR‐low cells (Figs [2](#embr201744767-fig-0002){ref-type="fig"}C and [7](#embr201744767-fig-0007){ref-type="fig"}B), we hypothesize that EGFR inhibitor and AKT inhibitor will have differential sensitization effects depending on the EGFR level. We tested whether the addition of the EGFR inhibitor, gefitinib, could overcome gemcitabine resistance due to downregulation of ERRFI1 in EGFR‐high cells. As expected, we observed that the addition of 10 μM gefitinib significantly sensitized the two EGFR‐high cell lines to gemcitabine (Fig [8](#embr201744767-fig-0008){ref-type="fig"}B, left panel, *P* \< 0.01). However, addition of the AKT inhibitor, TCN, had no effect on gemcitabine sensitivity (Fig [8](#embr201744767-fig-0008){ref-type="fig"}B, right panel). On the contrary, in cell lines with low EGFR, overexpressing ERRFI1 rendered resistance to gemcitabine treatment (Fig [8](#embr201744767-fig-0008){ref-type="fig"}C) through decreased interaction between AKT and PHLPP and increased phosphorylation of AKT (Fig [EV5](#embr201744767-fig-0005ev){ref-type="fig"}B). Furthermore, addition of TCN significantly reversed the resistance phenotype caused by ERRFI1 overexpression in the EGFR‐low cells (Fig [8](#embr201744767-fig-0008){ref-type="fig"}C, left panel, *P* \< 0.01), while addition of gefitinib had no effect on gemcitabine sensitivity (Fig [8](#embr201744767-fig-0008){ref-type="fig"}C, right panel). We observed similar sensitization effects of a second AKT inhibitor, MK‐2206 2HCl, on gemcitabine response (Fig [EV5](#embr201744767-fig-0005ev){ref-type="fig"}C). Finally, we choose MDA‐MB‐468 and U251 to represent EGFR‐high and EGFR‐low cells to determine the effect of ERRFI1 and drugs on EGFR and AKT activity. Depletion of ERRFI1 significantly increased the phosphorylation of AKT at serine 473 in MDA‐MB‐468 cells compared with negative siRNA control (Fig [8](#embr201744767-fig-0008){ref-type="fig"}D). Compared with vehicle or gemcitabine alone, treatment of gemcitabine plus gefitinib dramatically reduced the phosphorylation of EGFR, ERK, and AKT in MDA‐MB‐468 cells transfected with control or ERRFI1 siRNAs (Fig [8](#embr201744767-fig-0008){ref-type="fig"}D). Addition of TCN only reduced pAKT but not pEGFR and pERK levels (Fig [8](#embr201744767-fig-0008){ref-type="fig"}D). In EGFR‐low U251 cells treated with vehicle, overexpression of ERRFI1 resulted in an increased pAKT (Fig [8](#embr201744767-fig-0008){ref-type="fig"}E). Due to low level of EGFR, compared with vehicle treatment, combination treatment of gemcitabine and gefitinib did not alter AKT phosphorylation in U251 cells transfected with control or ERRFI1 siRNAs (Fig [8](#embr201744767-fig-0008){ref-type="fig"}E). However, addition of TCN dramatically reduced pAKT, but not pERK level in the same cell line (Fig [8](#embr201744767-fig-0008){ref-type="fig"}E). To investigate the role of ERRFI1 on AKT signaling in patients\' relevant model, we grew organoids from primary breast cancer patients\' derived xenograft (PDX) tumors [38](#embr201744767-bib-0038){ref-type="ref"}. Based on the availability of the PDXs, we screened six organoids from PDX tumors established from six patients to determine the levels of EGFR. We then chose two organoids expressing high EGFR (BJ06 and BJ16) and two organoids with very low EGFR levels (BJ43 and BJ44) based on the Western blot (Fig [9](#embr201744767-fig-0009){ref-type="fig"}A), to determine the effects of ERRFI1 on 3D organoid growth. EGFR‐high organoids transfected with ERRFI1 siRNA showed increased growth compared to siNeg control (Fig [9](#embr201744767-fig-0009){ref-type="fig"}B and C, vehicle treatment). On the contrary, upregulation of ERRFI1 resulted in increased growth in EGFR‐low cells (Fig [9](#embr201744767-fig-0009){ref-type="fig"}D and E, vehicle treatment). Organoids from each group were treated with either gemcitabine alone or in combination with gefitinib or TCN. In EGFR‐high organoids transfected with siERRFI1, organoid growth at days 9, 12 and 15 was statistically significantly slower in gemcitabine plus gefitinib‐treated arm than gemcitabine alone (Fig [9](#embr201744767-fig-0009){ref-type="fig"}B and C, *P* \< 0.01). However, addition of the TCN had no effect on gemcitabine sensitivity (Fig [9](#embr201744767-fig-0009){ref-type="fig"}B and C). In EGFR‐low organoids, the addition of TCN, but not gefitinib, significantly reversed the resistance phenotype caused by ERRFI1 overexpression (Fig [9](#embr201744767-fig-0009){ref-type="fig"}D and E, *P* \< 0.01). We examined pAKT and pEGFR levels in organoids obtained from the growth experiments. Consistent with cell line data (Fig [8](#embr201744767-fig-0008){ref-type="fig"}D and E), in EGFR‐high organoids, ERRFI1 mainly regulated EGFR activity (Fig [9](#embr201744767-fig-0009){ref-type="fig"}F), while in EGFR‐low organoids, ERRFI1 directly regulated AKT phosphorylation (Fig [9](#embr201744767-fig-0009){ref-type="fig"}G). Overall, these results indicate an important role for ERRFI1 in regulating cellular response to gemcitabine in an EGFR level‐dependent manner, providing insight into the dual roles of ERRFI1 in regulation of the EGFR and AKT pathway.

![The effect of ERRFI1 on response to therapy and AKT activation is cell context dependent\
AMDA‐MB‐468, PANC1, U251, and HCT116 cells transfected with siERRFI1 were treated with increasing doses of gemcitabine for 72 h, and cell survival was then determined. The *x*‐axis indicates drug dose, and the *y*‐axis indicates the survival fraction after gemcitabine exposure. Knockdown efficiency is shown in (D). Error bars represent the SEM of three independent experiments. Statistical analyses were performed with Student\'s *t*‐test.BMDA‐MB‐468 and PANC1 cells transfected with siERRFI1 were treated with increasing doses of gemcitabine (Gem) alone or in combination with either 10 μM gefitinib (G) or 10 μM TCN (T) for 72 h. Cell survival was then determined. Knockdown efficiency is shown in (D). Error bars represent the SEM of three independent experiments. Statistical analyses were performed with Student\'s *t*‐test.CU251 and HCT116 transfected with ERRFI1 plasmid were treated with Gem alone or in combination with either 10 μM T or 10 μM G for 72 h. Cell survival was then determined. Overexpression efficiency is shown in (E). Error bars represent the SEM of three independent experiments. Statistical analyses were performed with Student\'s *t*‐test.D, EMDA‐MB‐468 and U251 cells from (B and C) were treated with vehicle or 20 nM of Gem alone or in combination with either 10 μM of G or 10 μM of T for 12 h. Cells lysates were blotted with the indicated antibodies. The pAKT473/AKT ratio and pERK473/ERK ratio were quantified. The ratio in siNeg or EV is set to 1 within each cell line. Data represent the SEM of three independent experiments. \*\**P* \< 0.01. Statistical analyses were performed with Student\'s *t*‐test.\
Source data are available online for this figure.](EMBR-19-e44767-g014){#embr201744767-fig-0008}

![ERRFI1 regulates organoid growth, therapy response and AKT activation depending on EGFR level\
AOrganoid lysates from six human breast cancer PDX tumors were blotted with EGFR antibody. Quantification of EGFR protein relative to the GAPDH was determined. Error bars represent the SEM of three independent experiments.B, CEGFR‐high BJ06 and BJ16 organoids transfected with siERRFI1 were treated with vehicle (Veh) or 50 nM of gemcitabine (Gem) alone or in combination with either 10 μM gefitinib (G) or 10 μM TCN (T). Organoid growth was monitored every 3 days. Knockdown efficiency is shown in (F). Error bars represent the SEM of three independent experiments. \*\**P* \< 0.01. Statistical analyses were performed with Student\'s *t*‐test.D, EEGFR‐low BJ43 and BJ44 organoids transfected with ERRFI1 plasmid were treated as above. Organoid growth was monitored every 3 days. Overexpression efficiency is shown in (G). Error bars represent the SEM of three independent experiments. \*\**P* \< 0.01. Statistical analyses were performed with Student\'s *t*‐test.F, GBJ06 and BJ44 organoids were treated with vehicle or 50 nM of Gem alone or in combination with either 10 μM of G or 10 μM of T for 72 h. Organoid lysates were blotted with the indicated antibodies.\
Source data are available online for this figure.](EMBR-19-e44767-g015){#embr201744767-fig-0009}

Discussion {#embr201744767-sec-0010}
==========

We have identified ERRFI1 as an important determinant of cancer cell response to AKT inhibitors and chemotherapeutic agents such as gemcitabine. ERRFI1 was originally identified as a feedback inhibitor of EGFR [39](#embr201744767-bib-0039){ref-type="ref"}, [40](#embr201744767-bib-0040){ref-type="ref"}. EGFR is highly expressed in a range of solid tumors [41](#embr201744767-bib-0041){ref-type="ref"}. On average, 50--70% of lung, colon, and breast carcinomas have been found to express EGFR [42](#embr201744767-bib-0042){ref-type="ref"}, while only 15% of invasive breast cancers express EGFR [43](#embr201744767-bib-0043){ref-type="ref"}, suggesting that significant percentage (about 30--50%) of cancers express very low level of EGFR. The level of EGFR expression in tumors will certainly affect EGFR activation. The prognostic significance of EGFR has been investigated in numerous studies; however, no clear association between EGFR levels and response to EGFR‐targeted agents or chemotherapeutic agents has been described [44](#embr201744767-bib-0044){ref-type="ref"}, [45](#embr201744767-bib-0045){ref-type="ref"}. A common mechanism of resistance to chemotherapy involves the direct activation of mediators in the RAS/RAF/MEK or PI3K/AKT pathway, resulting in cancer cells escaping from growth inhibition by using alternative growth pathways [46](#embr201744767-bib-0046){ref-type="ref"}. It has been shown that the AKT pathway is regulated at multiple levels both in positive and negative ways [33](#embr201744767-bib-0033){ref-type="ref"}, [47](#embr201744767-bib-0047){ref-type="ref"}. Dysregulation of the AKT pathway has been linked to resistance to a variety of chemotherapeutics such as gemcitabine and taxane [48](#embr201744767-bib-0048){ref-type="ref"}.

In this study, we have identified ERRFI1 as a novel AKT binding partner, modulating its activation especially in cancer cells expressing very low level of EGFR (Figs [2](#embr201744767-fig-0002){ref-type="fig"} and [3](#embr201744767-fig-0003){ref-type="fig"}). At the mechanistic level, we found that the CRIB (residues 1--38) domain was important to regulate the interaction between ERRFI1 and AKT and this interaction was sufficient to regulate AKT phosphorylation (Fig [5](#embr201744767-fig-0005){ref-type="fig"}E and F). Interestingly, this domain also seemed to be essential for the interaction with PHLPP based on the IP results (Fig [5](#embr201744767-fig-0005){ref-type="fig"}E and F), which might be due to the fact that PHLPP is in the protein complex with AKT. However, we failed to obtain PHLPP recombinant protein to determine if ERRFI1 directly interacts with PHLPP. The structure relationships among these three proteins need to be further investigated. Although ERRFI1 is known to be an important tumor suppressor through negative regulation of EGFR signaling, we found that ERRFI1 has a novel dual function in the regulation of AKT and EGFR signaling. ERRFI1 differentially affected cell proliferation and chemotherapeutic response depending on the EGFR level in cancer cells using both cancer cell lines and organoids derived from breast cancer patient xenograft tumors (Figs [7](#embr201744767-fig-0007){ref-type="fig"}, [8](#embr201744767-fig-0008){ref-type="fig"}, [9](#embr201744767-fig-0009){ref-type="fig"}). In EGFR‐high cancer cells, ERRFI1 functions as a negative regulator of EGFR signaling, a well‐known mechanism [23](#embr201744767-bib-0023){ref-type="ref"}, resulting in reduced cell proliferation and sensitivity to gemcitabine (Figs [7](#embr201744767-fig-0007){ref-type="fig"}A, [8](#embr201744767-fig-0008){ref-type="fig"}A and [9](#embr201744767-fig-0009){ref-type="fig"}B and C), while in EGFR‐low cancer cells, ERRFI1 mainly interacts with AKT as a positive regulator of AKT Ser473 by regulating the interaction between AKT and PHLPP, resulting in increased cell proliferation and resistance to gemcitabine (Figs [7](#embr201744767-fig-0007){ref-type="fig"}B, [8](#embr201744767-fig-0008){ref-type="fig"} and [9](#embr201744767-fig-0009){ref-type="fig"}D and E). We also observed change in AKT phosphorylation at Thr308, which might be a secondary effect related to the change in Ser473 phosphorylation (Fig [EV4](#embr201744767-fig-0004ev){ref-type="fig"}) [49](#embr201744767-bib-0049){ref-type="ref"}. Although ERRFI1 binds to both EGFR and AKT, ERRFI1 mainly bound to EGFR upon EGF activation in EGFR‐high cells as a tumor suppressor (Figs [3](#embr201744767-fig-0003){ref-type="fig"}A and [EV5](#embr201744767-fig-0005ev){ref-type="fig"}A). While in EGFR‐low cancer cells, ERRFI1 constantly bound to and activated AKT directly, regardless of EGF stimulus (Figs [3](#embr201744767-fig-0003){ref-type="fig"}A and [EV5](#embr201744767-fig-0005ev){ref-type="fig"}A), suggesting that ERRFI1 had almost no direct inhibitory effect on EGFR activity in EGFR‐low cancer cells. Therefore, cellular EGFR level is an important determinant of ERRFI1 function. The strength of the two pathways determines the cellular phenotypes. With the two EGFR intermedium cell lines, MDA‐MB‐231 and SU86, downregulation of ERRFI1 increased AKT‐PHLPP interaction and decreased AKT activity. However, at the same time, EGFR pathway is also activated by removing the inhibitory effector, ERRFI1 (Fig [2](#embr201744767-fig-0002){ref-type="fig"}C), which resulted in decreased sensitivity to treatment (Figs [EV1](#embr201744767-fig-0001ev){ref-type="fig"} and [EV2](#embr201744767-fig-0002ev){ref-type="fig"}). Therefore, future studies need to investigate the dynamic regulation of EGFR/AKT by ERRFI1 depending on EGFR levels. ERRFI1 bound to AKT through N‐terminal CRIB domain (Fig [5](#embr201744767-fig-0005){ref-type="fig"}E) while the binding to EGFR is known to be through the C terminal domain [23](#embr201744767-bib-0023){ref-type="ref"}. Future structural characterizations are required for fully understanding the interplay of the relationship. At mechanistic level, how ERRFI1 preferentially regulates AKT vs. EGFR needs additional studies. Overexpression of ERRFI1 did not increase its binding to EGFR in EGFR‐low cells. Therefore, the regulation might be dependent on ERRFI1 post‐translational modifications or specific protein--protein interactions occurred in EGFR‐low or EGFR‐high cells. This dual regulation also affects the selection of therapies to help overcome chemoresistance (Figs [8](#embr201744767-fig-0008){ref-type="fig"} and [9](#embr201744767-fig-0009){ref-type="fig"}). In EGFR‐high cancer cell, EGFR inhibitor sensitized ERRFI1‐depleted cells to gemcitabine (Figs [8](#embr201744767-fig-0008){ref-type="fig"}B and [9](#embr201744767-fig-0009){ref-type="fig"}B and C), while in EGFR‐low cells, AKT inhibitor sensitized ERRFI1‐overexpressed cells to gemcitabine treatment (Figs [8](#embr201744767-fig-0008){ref-type="fig"}C and [9](#embr201744767-fig-0009){ref-type="fig"}D and E). Hyperphosphorylation of AKT has also been linked to poor prognosis in a variety of cancers [48](#embr201744767-bib-0048){ref-type="ref"}. Based on our studies, in EGFR‐low tumors, we would expect that higher expression of ERRFI1 might be associated with poor prognosis, which could be tested in the future using clinical patients\' samples.

We understand that the cell lines which we used all had different genetic backgrounds. MDA‐MB‐468 and PANC1 cells harbor TP53 mutations that actively promote tumorigenesis [50](#embr201744767-bib-0050){ref-type="ref"}, [51](#embr201744767-bib-0051){ref-type="ref"}. Mechanistically, mutant p53‐mediated miR‐27a suppression increases cellular levels of EGFR and promotes downstream activation [52](#embr201744767-bib-0052){ref-type="ref"}. MDA‐MB‐468 is also PTEN deficient, resulting in the activation of PI3K/AKT. Therefore, these cells have relatively high EGFR or AKT signaling. However, our experiments showed that knocking down ERRFI1 in these two cell lines, compared with siNeg control, resulted in further increased EGFR and downstream signaling, which contributed to resistance to gemcitabine, and that the addition of EGFR inhibitors could reverse the resistance phenotype (Fig [8](#embr201744767-fig-0008){ref-type="fig"}). U251 cells contain PTEN and TP53 mutations [53](#embr201744767-bib-0053){ref-type="ref"}, [54](#embr201744767-bib-0054){ref-type="ref"}, leading to increased PI3K activity. However, on that background, downregulation of ERRFI1 reduced AKT activity by facilitating PHLPP access to AKT to catalyze dephosphorylation (Figs [2](#embr201744767-fig-0002){ref-type="fig"}C and [3](#embr201744767-fig-0003){ref-type="fig"}C). HCT116 cells contain KRAS mutations associated with upregulation of the MEK/ERK pathway. Overexpression of ERRFI1 further increased AKT activity in HCT116 cells (Fig [EV5](#embr201744767-fig-0005ev){ref-type="fig"}B) and, therefore, only the addition of an AKT inhibitor, not an EGFR inhibitor, sensitized the cells to gemcitabine (Fig [8](#embr201744767-fig-0008){ref-type="fig"}C). The combination of an AKT inhibitor and MEK inhibitor might achieve better effect, and this needs to be further tested. Therefore, our results indicated that ERRFI1 level, together with EGFR level, could contribute to the selection of different therapeutic approaches. Furthermore, the individual organoid from four individual breast cancer tumors that showed very similar response profiles based on the EGFR levels significantly enhances the clinical relevance of our finding (Fig [9](#embr201744767-fig-0009){ref-type="fig"}). Regardless of the genetic background, in cells or subjects with high EGFR expression, low ERRFI1 might contribute significantly to the activation of EGFR signaling and in this case, the addition of EGFR inhibitors might have greater benefit. However, in subjects with low EGFR expression, high EFFRI1 contributed significantly to increased AKT activity, and therefore, the addition of AKT inhibitors might have more benefit. Future clinical studies are needed to test the potential benefit of different combinations of targeted therapy based on the levels of these two proteins. Finally, to define the relationship between EGFR and ERRFI1 levels for prediction of response and for selection of therapies definitely required further study by using experimental data together with computational modeling approach.

In summary, our findings will have a significant impact on the dissection of components in the pathways controlling AKT and EGFR activity. Furthermore, because dysregulation of the these two pathways is frequently linked to cancer predisposition and poor prognosis, our findings might also have important implications for cancer development in addition to their contribution to variation in response to therapy and to stratifying patients for individualized combination therapy.

Materials and Methods {#embr201744767-sec-0011}
=====================

Cell lines and antibodies {#embr201744767-sec-0012}
-------------------------

EBV‐transformed LCLs from 90 African American (AA), 85 Caucasian American (CA), and 88 Han Chinese American (HCA) unrelated healthy were purchased from the Coriell Cell Repository. These samples had been collected and anonymized by NIGMS, and all subjects had provided written consent for their experimental use. This study was reviewed and approved by the Mayo Clinic Institutional Review Board. SU86 cell line was a gift from Dr. Daniel D. Billadeau, Mayo Clinic. OVCAR3, BT549, DU145, PC‐3, HS578T, IGROV1, A549, PANC1, MDA‐MB‐231, MDA‐MB‐468, U251, and HCT116 cell lines were obtained from the American Type Culture Collection (Manassas, VA). OVCAR3, BT549, DU145, PC‐3, IGROV1, A549, and SU86 cells were maintained in RPMI 1640 with 10% FBS. MDA‐MB‐231 and MDA‐MB‐468 cells were in L‐15 medium containing 10% FBS. HS578T, PANC1, and U251 cells were in DMEM with 10% FBS. LCLs were cultured in RPMI 1640 containing 15% FBS. Antibodies against GAPDH (\#5174), GST (\#2625), AKT (\#4685), pAKT (Ser473) (\#4060), pAKT (Thr308) (\#4056), AKT1 (\#2938), AKT2 (\#3063), pAKT2 (Ser474) (\#8599), AKT3 (\#3788), GSK3β (\#5676), p‐GSK3β (\#9327), FOXO1 (\#2880), p‐FOXO1 (\#84192), EGFR (\#2085), pEGFR (\#3777), ERK1/2 (\#9194), p‐ERK1/2 (\#9101), MEK1/2 (\#9146), p‐MEK1/2 (\#9154), PDK1 (\#13037), mTOR (\#2972), and PP2A (\#2259) were purchased from Cell Signaling Inc (Danvers, MA). Anti‐VEZT antibody (HPA017066) was from Sigma‐Aldrich. pAKT3 (Ser472) (\#OAAB16215) was from Aviva Systems Biology. PHLPP1 (\#A300‐660A) and PHLPP2 (\#A300‐661A) antibodies were obtained from Bethyl Laboratories (Montgomery, TX). ERRFI1 (\#ab198834), GOLGA8B (\#ab174623), and SLC7A5 (\#ab85226) antibodies were obtained from Abcam (Cambridge, MA). Human EGF was purchased from Sigma.

Cytotoxicity assay {#embr201744767-sec-0013}
------------------

Cytotoxicity assays in LCLs were performed in triplicate at each dose. Specifically, 100 ml of cells (5 × 10^5^ cells/ml) was plated into 96‐well plates [55](#embr201744767-bib-0055){ref-type="ref"} and was treated with TCN at 0, 0.01, 0.1, 1, 10, 25, 50, 100, and 500 μM for 3 days; 20 μl of MTS assay solution (Promega Corporation, Madison, WI) was added. Plates were read in a Safire2 plate reader (Tecan AG). Cytotoxicity for human tumor cell lines was determined by quantification of DNA content using CyQUANT Assay kit (\#C35012, Invitrogen) following the manufacturer\'s instructions. Cells were treated with gemcitabine at 0, 0.0001, 0.001, 0.01, 0.1, 1, 10, 100, 1,000 μM for 3 days; 100 μl of CyQUANT assay solution was added, and plates were incubated at 37°C for 1 h, and then read in a Safire2 plate reader with filters appropriate for 480 nm excitation and 520 nm emission. TCN was purchased from EMD Biosciences (San Diego, CA). Gemcitabine was purchased from Sigma‐Aldrich (St. Louis, MO). MK‐2206 2HCl (\#S1078) and Gefitinib (ZD1839) was purchased from Selleckchem (Houston, TX).

Cell proliferation assay {#embr201744767-sec-0014}
------------------------

Cells transfected with specific siRNA were seeded (3,000 cells/100 μl/well) in a 96‐well plate (Corning, Corning, NY). The CyQUANT assay (Invitrogen) was used to determine the cell viability every 12 h in six replicates following the manufacturer\'s instructions, and plates were incubated at 37°C for 1 h and then read in a Safire2 plate reader with filters for 480 nm excitation and 520 nm emission.

Colony‐forming assays {#embr201744767-sec-0015}
---------------------

Cells transfected with specific siRNA were plated (800--1,000 cells/well) in 6‐well culture plates (Corning) in triplicates. Subsequently, the cells were cultured for up to 14 days. Colonies were washed with cold PBS, fixed with frozen methanol, and then stained with Giemsa stain solution (Sigma‐Aldrich). Colonies (\> 50 cells) were accounted with the ImageJ software (version 1.42q).

RNA interference and qRT--PCR {#embr201744767-sec-0016}
-----------------------------

SMARTpool siRNAs for the candidate genes and negative control siRNA were purchased from Dharmacon. A second siRNA for ERRFI1 was purchased from OriGene (Rockville, MD). Reverse transfection was performed using lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad, CA) following the manufacturer\'s instructions.

Total RNA was isolated with the Qiagen RNeasy kit, followed by qRT--PCR performed with the one‐step, Brilliant SYBR Green qRT--PCR master mix kit, using the Stratagene Mx3005P Real‐Time PCR detection system. Primers for VEZT (\#QT01022609), GOLGA8B (\#QT01840587), ERRFI1 (\#QT00003969), and SLC7A5 (\#QT00089145) were purchased from QIAGEN (Valencia, CA). All experiments were performed in triplicate with GAPDH as an internal control.

Plasmids {#embr201744767-sec-0017}
--------

EGFR‐pCMV6 plasmid was purchased from OriGene. GST‐tagged ERRFI1 full‐length and deletion mutant constructs were gifts from Dr. Rüdiger Klein, Max Planck Institute of Neurobiology. In brief, PCR‐amplified ERRFI1 full‐length and deletion mutants were recombined into pDONOR201 vector. The pDONOR201 vectors containing ERRFI1 full‐length or deletion mutants were shuttled into pDEST 27 NH2‐terminal‐GST for mammalian expression [56](#embr201744767-bib-0056){ref-type="ref"}. Full‐length ERRFI1 was cloned into pET28a vector (Clontech), and AKT was cloned into the pGEX4T‐1 vector (Amersham Biosciences) for bacterial expression. These plasmids were expressed in BL21 cells, and proteins were purified with His magnetic agarose Beads (Sigma, St. Louis, MO) and glutathione beads (Amersham Biosciences) according to the manufacturer\'s instruction.

Co‐immunoprecipitation assay and *in vitro* binding assay {#embr201744767-sec-0018}
---------------------------------------------------------

Cells were lysed with NETN buffer (20 mM Tris--HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P‐40) containing 50 mM β‐glycerophosphate, 10 mM NaF, and 1 mg/ml each of pepstatin A and aprotinin on ice for 25 min. After centrifugation, cell lysates were incubated with 2 μg antibody and protein A sepharose beads (Amersham Biosciences) for 3 h at 4°C. The immunocomplexes were then washed with NETN buffer for four times, and the immunocomplexes were separated by SDS--PAGE. Immunoblotting was performed following standard procedures.

Cells expressing empty vector or GST‐tagged ERRFI1 mutants were lysed with high‐salt NETN buffer (20 mM Tris--HCl, pH 8.0, 300 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.5% Nonidet P‐40) containing 50 mM β‐glycerophosphate, 10 mM NaF, and 1 μg/ml each of pepstatin A and aprotinin on ice for 25 min. Cell lysates were diluted 1:1 with NET buffer (NETN buffer without NaCl) and incubated with anti‐GST beads (Sigma) overnight at 4°C. After washing with NETN buffer five times, protein samples were resolved by sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS--PAGE) in 4--15% TGX SDS gels (Bio‐Rad, Hercules, CA) and were transferred to PVDF membranes. Membranes were blocked in TBS with 5% BSA and 0.1% Tween‐20 and then incubated overnight at 4°C with the following primary antibodies. Membranes were washed with TBS‐T (TBS with 0.1% Tween‐20) and then incubated with HRP‐conjugated anti‐mouse IgG or HRP‐conjugated anti‐rabbit IgG (Cell signaling) for 1 h at room temperature. All blots were visualized with Supersignal WestPico chemiluminescent ECL kit (Thermo Fisher) and blue X‐ray films (Phenix, Candler, NC). Quantitative Western blot analysis was done using ImageJ.

To assay the *in vitro* binding between ERRFI1 and AKT, the recombinant GST‐AKT and His‐ERRFI1 were expressed in BL21 cells and purified following standard protocol; 5 μg of GST protein or 5 μg of the GST‐AKT protein was incubated with approximately the same amount of His‐ERRFI1 in binding buffer containing 0.2% Triton X‐100, 50 mM Tris--HCl (pH 7.5), 100 mM NaCl, 15 mM EGTA, 1 mM DTT, and 1 mM PMSF. Protein complex was pulled down with glutathione--sepharose beads (Thermo Scientific), washed four times with washing buffer (0.5% Triton X‐100, 50 mM Tris--Cl (pH 7.5), 100 mM NaCl, 15 mM EGTA, 1 mM DTT, and 1 mM PMSF), and then subjected to Western blot analysis.

LCL expression array assays {#embr201744767-sec-0019}
---------------------------

Total RNA was extracted using Qiagen RNeasy Mini kits (QIAGEN, Inc.) [57](#embr201744767-bib-0057){ref-type="ref"}. RNA quality was tested using an Agilent 2100 Bioanalyzer, followed by hybridization to Affymetrix U133 Plus 2.0 Gene‐Chips. A total of 54,613 probe sets were used in the analyses. The microarray data have been submitted to the NCBI Gene Expression Omnibus under SuperSeries accession no. GSE24277.

Genomewide SNP analysis {#embr201744767-sec-0020}
-----------------------

DNA from all of the LCLs was genotyped using Illumina HumanHap 550K and 510S BeadChips as described previously [29](#embr201744767-bib-0029){ref-type="ref"} (SuperSeries accession no. GSE24277). We also obtained publicly available Affymetrix SNPArray 6.0 Chip SNP data for the same cell lines [57](#embr201744767-bib-0057){ref-type="ref"}, which involved 643,600 SNPs unique to the Affymetrix SNP array. SNPs that deviated from Hardy--Weinberg equilibrium (HWE) based on the minimum *P*‐value from an exact test for HWE [58](#embr201744767-bib-0058){ref-type="ref"} and the stratified test for HWE (*P *\< 0.001); SNPs with call rates \< 95%; or SNPs with minor allele frequencies (MAFs) \< 5% were removed from the analysis.

Patient‐derived xenografts generation and organoid derivation, 3D cell culture, and growth assay {#embr201744767-sec-0021}
------------------------------------------------------------------------------------------------

Breast cancer patient‐derived xenografts (PDXs) from the Breast Cancer Genome Guided Therapy Study (BEAUTY) (NCT02022202) were generated according to previously described protocol [38](#embr201744767-bib-0038){ref-type="ref"}. All patients provided written informed consent. All procedures of animal studies were performed according to the National Institutes of Health guideline with approval obtained from the Mayo Clinic Institutional Animal Care and Use Committee (IACUC) and Biosafety Committee. Female nonobese diabetic (NOD)‐Cg‐Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (6--8 weeks) from Jackson Laboratories (Bar Harbor, ME) were randomized and blinded. Percutaneous breast cancer biopsies obtained prior to neoadjuvant chemotherapy in all patients were used for xenograft establishment [38](#embr201744767-bib-0038){ref-type="ref"}. Mice were killed by CO~2~ inhalation once the tumor size met the IACUC guideline.

Tumor cells from breast cancer PDXs were isolated using the human tumor dissociation kit (Miltenyi Biotec, San Diego, CA). Briefly, tumors were minced into small pieces of 2--4 mm and then transferred into the gentle MACS C tube and run the 7C_h\_TDK3 program according to manufacturer\'s protocol. The tubes were then centrifuged to collect the sample material. The cell suspension was then applied to a MACS SmartStrainer (70 μm). Mouse Cell Depletion Kit (Miltenyi Biotec) was used to enrich human cells. Specifically, cell pellet was suspended in buffer, 20 μl of the Mouse Cell Depletion Cocktail added and incubated for 15 min at 4°C. Then, magnetic separation with LS columns was performed to collect human cells. Human tumor cells were plated in 96‐well low binding NanoCulture plate (Organogenix) (10^4^ cells/well) in DMEM supplemented with 10% FCS, 1% glutamax (Life Technologies), 1% sodium pyruvate (Life Technologies), non‐essential amino acids (Life Technologies), and 1% penicillin--streptomycin (Life Technologies) at 37°C, 5% CO~2~. After 3 days, 5 μM of ROCK inhibitor (Tocris Bioscience) was added to the culture medium and cultured for a week. Then, it was transferred to medium without ROCK inhibitor and cultured for 3 days.

EGFR‐high organoids were transfected with siERRFI1, while EGFR‐low organoids were transfected with ERRFI1 plasmids using Lipofectamine 2000 (Invitrogen). Organoid growth assays were performed in six replicates at each treatment. Specifically, organoids were treated with vehicle or 50 nM of gemcitabine alone or in combination with either 10 μM of gefitinib or 10 μM of TCN. Organoid growth was monitored every 3 days using the luminescent CellTiter‐Glo Viability assay (Promega); 100 μl of CellTiter‐Glo reagent was added into each well, followed by mixing contents for 2 min on an orbital shaker to induce cell lysis. Plates were incubated at 37°C for one hour, and the luminescent signal was measured in a Safire2 plate reader. Organoids were lysates with SDS buffer and subjected to Western blot.

Statistical analysis {#embr201744767-sec-0022}
--------------------

TCN IC50 was calculated based on a logistic model. Three different logistic functions (a four‐parameter logistic model, a three‐parameter logistic model with a fixed asymptote at 0%, and a three‐parameter logistic model with a fixed asymptote at 100%) were used to fit the data with the R package "drc" (<http://cran.r-project.org/web/packages/drc/drc.pdf>). Log‐transformed IC50 values were then compared between genders, batches of samples on the basis of time since purchase by using independent‐samples *t*‐tests. An overall comparison of transformed IC50 values among ethnic groups was done by using an *F*‐test on the basis of ANOVA. Expression array data were normalized on a log2 scale using GCRMA. The normalized expression data and van der Waerden rank‐transformed IC50 values were then regressed on gender. Since the LCLs were from multiple races/ethnic groups, stratification was assessed using the method developed by Price *et al* [59](#embr201744767-bib-0059){ref-type="ref"}, which uses an eigen analysis for detecting and adjusting SNPs. The log‐transformed IC50‐ and GCRMA‐normalized expression data were adjusted for race by five eigen vectors. The GWAS of SNP vs IC50 or SNP vs expression was done with Pearson correlations by using adjusted SNP, IC50, and expression values for each individual. For the siRNA knockdown experiments, group mean values of IC50 were compared using Student\'s *t*‐test.

Gene‐level association with IC50 values {#embr201744767-sec-0023}
---------------------------------------

To assess the association of a set of SNPs located in a gene with IC50, first SNPs were mapped to genes including 20 kb up‐ and downstream of a gene and SNPs could be mapped to multiple genes. Then, the SNPs were modeled as dosage counts of rare alleles and then principal components analysis (PCA) was performed on the SNPs, and principal components (PCs) capturing 80% of the variation in SNPs were retained as predictors. An F‐test was used to test the association of the PCs and van der Waerden rank‐transformed IC50 in an ordinary linear regression model.

For cell survival, cell proliferation, colony‐forming assays, and quantifications, data are represented as the mean ± SEM of three independent experiments. Statistical analyses were performed with Student\'s *t*‐test. Statistical significance is represented in figures by: \**P* \< 0.05; \*\**P* \< 0.01.
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